C ardiac hypertrophy is a precursor to the development of heart failure and an independent clinical risk factor for sudden death and myocardial infarction. 1 Although energetic deficits are associated with clinical heart failure, their relative contribution to the transition from cardiac hypertrophy to heart failure has been challenging to elucidate, in large part because of the unpredictability of the timing of this transition and limitations of studying human cardiac energetics in vivo. Nevertheless, our understating of this pathophysiology is being illuminated using experimental models.
In the normal heart, the oxidation of exogenous fats is the major fuel source, with additional significant contributions from glucose and lactate. The relative contribution of fats diminishes with enhanced reliance on glucose utilization during the development of cardiac hypertrophy. The regulatory programs attenuating fat utilization have been extensively investigated and include regulation at the transcriptional and posttranscriptional levels. [2] [3] [4] [5] Moreover, this reduction involves coordinate downregulation of proteins controlling fatty acid uptake by the heart and mitochondria as well as of the enzymes controlling mitochondrial fatty acid ␤-oxidation (FAO). 2,6 -9 The increased utilization of glucose is similarly regulated at multiple levels and interestingly, at least with robust hypertrophy, the coupling of glycolysis and pyruvate oxidation becomes disrupted with an insufficient increase in glucose oxidation to completely compensate for the reduced FAO. 10, 11 The mechanisms orchestrating this uncoupling have not been fully delineated, although do not appear to result from disruption in the pyruvate dehydrogenase complex activity. 12 With advancing cardiac hypertrophy, perturbations in substrate partitioning and selection become associated with reduced contractile reserve and increased susceptibility to ischemia-reperfusion injury. 10, 12, 13 Partial compensation for this energy substrate oxidation deficit has recently been identified to occur via recruitment of alternative intermediary pathways to enhance flux through the tricarboxylic acid (TCA) cycle. 8 This intermediary pathway is called anaplerosis, a term etymologically derived from Greek, meaning to "fill up," and generally describes metabolic pathways that replenish intermediates in metabolic cycles. 14 An anaplerotic entry point via malate feeding into the TCA cycle is shown in Figure. Although theoretically, TCA cycle intermediates are maintained by the incorporation of acetyl-coenzyme A and the generation of carbon dioxide and reducing equivalents, there is some physiological/pathological leakage through the mitochondrial membrane. 15 Anaplerotic substrates, therefore, "refill" the cycle to maintain TCA cycle flux and ATP production.
The necessity of anaplerosis in the heart is well established, in that the mechanical performance of isolated rat hearts when exclusive precursors of acetyl-coenzyme A are used as substrate shows progressive deterioration with rapid restoration following introduction of anaplerotic substrates. 16 The regulation of anaplerosis in the heart is only beginning to be explored. The gene encoding for malic enzyme, which catalyzes the carboxylation of pyruvate to form malate, a TCA cycle intermediate, is shown to be upregulated in concordance with increased cardiac hypertrophy associated anaplerosis. 8 Despite this increase in intermediary metabolism, cardiac efficiency is incompletely restored with a persistent deficit in the PCr/ATP ratio compared to control hearts. 8 In this issue of Circulation Research, Pound et al add further insight into the consequences of enhanced intermediary metabolism in the hypertrophied heart. 17 Here, the authors confirm in isolated perfused rat hearts that pressure overloadinduced cardiac hypertrophy results in diminished contractile function in association with a significant increase in malic enzyme linked anaplerosis compared to nonhypertrophied control hearts. 17 The authors further note that in association with this increased anaplerosis, cardiac triacylglycerol (TAG) stores are significantly depleted. Because cytosolic NADPH is required to reduce fatty acyl dihydroxyacetone phosphate as a first step in TAG synthesis, and is consumed by malic enzyme during carboxylation of pyruvate, the authors propose that the reduction in TAG is directly linked to accelerated anaplerosis and cytosolic NADPH consumption. To test this, these authors used dichloroacetate to activate pyruvate dehydrogenase complex. This intervention diminished anaplerotic flux and increased TAG levels in association with increased glucose oxidation and reduced FAO without altering cardiac mechanical function. 17 These data show that anaplerosis is partially reversible and support the idea that increased malic enzyme orchestrated anaplerosis diminishes cardiac TAG. 17 However, whether the dichloroacetateThe opinions expressed in this editorial are not necessarily those of the editors or of the American Heart Association.
From the Translational Medicine Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda, Md. See related article, pages 805-812 mediated reduction in FAO under these experimental conditions diverts fat toward lipogenesis has not been investigated. It has previously been shown in pressure overload-induced heart failure the TAG stores are depleted and that TAG oxidation to facilitate energy transduction is not operational. 18 It would be intriguing to surmise that anaplerosis contributes to this phenotype. In contrast, in obese and diabetic subjects and animal models, heart failure is associated with increased intramyocardial triglyceride levels. 19 Moreover, excess fat supply to the heart evokes a pathological outcome as shown by the development of lipotoxic cardiomyopathy in numerous genetic models. 20 -22 The role and consequence of anaplerosis in these "fat excess heart failure syndromes" would also be important to ascertain. Interestingly, the role of anaplerosis and fat-excess has been indirectly evaluated using metabolomic profiling of metabolic intermediates in skeletal muscle in response to high-fat feeding. 23 Here, high-fat feeding depletes TCA cycle intermediates, 23 suggesting that, at least in skeletal muscle, fat excess may perturb anaplerosis. These data could imply that disrupted anaplerotic metabolism may contribute to cardiac lipotoxicity, although this hypothesis too requires investigation.
An interesting hypothesis proposed by Pound et al is that malic enzyme-mediated consumption of NADPH may additionally limit cytosolic NADPH for the reduction of glutathione. 24 Although this was not directly investigated, a prior study demonstrated an increased ratio of reduced to oxidized glutathione in cardiac hypertrophy. This is thought to contribute to the antioxidant defense program against hypertrophy associated oxidative damage. 25 Whether anaplerosis contributes to the depletion of reduced glutathione in the progression to heart failure 25 and/or potentially to the enhanced cardiac hypertrophy ischemia susceptibility are interesting hypotheses that warrant exploration. A schematic highlighting the potential consequences of enhanced malic enzyme-mediated anaplerosis in the hypertrophied heart is shown in the Figure. In conclusion, characterization and delineation of the molecular mechanisms governing modulation in substrate partitioning and pathway activities in cardiac hypertrophy and heart failure should enable the design of rational therapies to modulate cardiac metabolism with potential salutary effects. The study by Pound et al 17 not only provides novel insight into the role of anaplerosis in cardiac hypertrophy but additionally generates interesting hypotheses that need to be pursued to further enhance our understanding of the adaptive and/or maladaptive consequences of anaplerosis in cardiac hypertrophy, in heart failure and possibly in fat excessinduced cardiac mechanical dysfunction.
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Figure.
Schematic of pathway perturbations by increased malic enzyme-driven anaplerosis. The arrow line thickness and text size reflect the hypothetical relative reaction rates and the putative deficits in reducing equivalent generation and reduction in NADPH-dependent pathways associated with malic enzyme carboxylation of pyruvate in cardiac hypertrophy.
